Evidence for Excimer Photoexcitations in an Ordered 7r-Conjugated Polymer Film 
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We report pressure-dependent transient picosecond and continuous wave photomodulation stud- 
ies of disordered and ordered films of 2-methoxy-5-(2-ethylhexyloxy) poly(para-phenylenevinylene) 
(MEH-PPV) . Photoinduced absorption (PA) bands in the disordered film exhibit very weak pressure- 
dependence and are assigned to intrachain excitons and polarons. In contrast, the ordered film 
exhibits two additional transient PA bands in the mid-infrared that blueshift dramatically with 
pressure. Based on high-order configuration interaction calculations we ascribe the PA bands in the 
ordered film to excimers. Our work brings new insight to the exciton binding energy in ordered 
films versus disordered films and solutions. 



Ordered 7r-conjugated polymer films exhibit photo- 
physics remarkably different from dilute solutions or dis- 
ordered films [1H4J. Explanations given for these differ- 
ences include photoexcitation branching into intrachain 
excitons and polarons in the ordered films [Ej], as well as 
formation of a variety of intermolecular species 0-0, @, 0] ■ 
The distinctive behavior of the ordered films are due to 
strong interchain interaction absent in dilute solutions or 
disordered films. It follows that the ability to vary the 
extent of interchain interactions in a controlled manner 
would provide an ideal tool for understanding the role 
of morphology on the photophysics in these materials. 
Here we report such a study: we probe pressure effects 
on the transient picosecond (ps) and continuous wave 
(cw) PM spectra of disordered and ordered MEH-PPV 
films up to 119 kbar. The ordered film exhibits two cor- 
related PA bands missing in the disordered films, which 
dramatically blue-shift with pressure. We further show, 
both experimentally and theoretically, that this key ex- 
perimental result cannot be explained within scenarios 
involving exciton derealization, or photogeneration of 
bound polaron-pairs. Our calculations establish unam- 
biguously that the primary photoexcitated species in or- 
dered MEH-PPV films are excimers, whose PA bands are 
expected to show pressure-induced blueshift. Our wave- 
function analysis of initial and final states of PA bands 
also gives physical understanding behind the reduced ex- 
citon binding energy in ordered films [8|. 

We used thin films of polymer samples drop-cast on 
quartz substrates from powder as received from ADS. 
Transient photomodulation (PM) spectroscopy was uti- 
lized to resolve the primary photoexcitations. Specif- 
ically, we used femtosecond (fs) two-color pump-probe 
correlation technique with a low-power (energy /pulse 
~ 0.1 nJ), high repetition rate (~ 80 MHz) laser system 
based on a Tksapphire (Tsunami, Spectra-Physics) laser 
having a temporal pulse resolution of 150 fs [9]. The 
pump hu was frequency doubled to Tvuj = 3.1 eV; the 



output beam of an optical parametric oscillator, OPO 
(Opal, Spectra-Physics) was used as a probe with Tiui 
ranging from 0.24 to 1.1 eV 9]. The pump and probe 
beams were focused on the film surface inside the cryo- 
stat or diamond anvil pressure cell to a spot ~ 50 /zm in 
diameter; and the focus area on the film was frequently 
changed to prevent photoinduced fatigue. The transient 
PM signal was measured using a phase sensitive lock- 
in technique at modulation frequency 30 kHz provided 
by an acousto-optic modulator. In the mid-IR spectral 
range we only obtained photoinduced absorption (PA), 
which is given as the fractional change in transmission 
AT/T(t). Both T and AT were measured using solid 
state photodetectors Ge, InSb and MOT depending on 
the spectral range. For the steady-state PM spectra we 
employed a cw laser for pump excitation and an incan- 
descent light as a probe [lCf , using a standard PM set-up 
based ona| met monochromator or FTIR spectrometer. 

Fig. [IJi shows the transient PM spectra at time t = 
of two MEH-PPV films cast from toluene and chloro- 
form solutions, respectively. Toluene is a poor solvent 
for MEH-PPV P, y|, and the films cast from its solu- 
tion contain coexisting ordered and disordered phases 
1]. MEH-PPV cast from chloroform solution, in con- 
trast, is dominated by the disordered phase [H, Q. The 
transient PM of the chloroform-formed MEH-PPV con- 
tains a single PA band, PAi peaked at ~ 0.95 eV, which 
is very similar to PAi of MEH-PPV in solution and is 
correlated to the stimulated emission band in the visi- 
ble spectral range [§]. We therefore identify it as due 
to intrachain excitons. The toluene-formed MEH-PPV 
shows two additional PA bands, PA at ~ 0.35 eV and 
a shoulder PA at ~ 0.85 eV. We assign these bands to 
interchain species formed in the ordered phase. 

The band PA in MEH-PPV was identified previously 
as due to polarons [§], since the cw polaron band Pi 
also peaks at about the same fi,w(probe) = 0.4 eV fllj j . 
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FIG. 1: (Color online) (a) Transient ps PM spectra at t — 
of toluene-formed (red) and chloroform-formed (blue) MEH- 
PPV films. The PA exciton band, PAi, and excimer bands 
PA and PA are assigned, (b) Transient (red) and cw (blue) 
PM spectra of toluene-formed MEH-PPV at hydrostatic pres- 
sure of 77 kbar. PAi and PA are as in (a); Pi is a polaron 
band. 

To confirm our current assignment of PA to interchain 
species we applied high hydrostatic pressure P to the 
toluene-formed MEH-PPV film in a pressure cell. The 
MEH-PPV film was peeled off the substrate under a mi- 
croscope, and placed in a diamond-anvil cell equipped 
with IR-transmitting windows, that was filled with a 
pressure-transmitting liquid, perfluoro-tri-butylamine to 
ensure hydrostatic pressure. The pressure inside the cell 
was measured via the pressure-induced blue-shift in the 
polymer IR-active C-H frequency at ~ 3000 cm -1 , which 
was pre-calibrated against the pressure-induced change 
of the well known PL lines of a ruby chip. Fig[T|D shows 
the transient and cw PM spectra under pressure P = 77 
kbar. PA blue-shifts substantially to ~ 0.65 eV, in con- 
trast to the polaron Pi band observed in the cw PM 
spectrum, which does not shift with pressure (Figj2jj) . 
PA is therefore not due to polarons. 

Fig. rja shows the MEH-PPV transient PM spectrum 
for various increasing P- values. PA and PA both grow 
in intensity relative to PAi, and also blue shift together, 
whereas PAi remains at ~ 0.95 eV. The energy shifts of 
PAi, PA and cw Pi due to polarons are plotted vs. P 
up to 120 kbar in Fig. Wp- PA' shifts by about 0.35 eV 
up to P = 77 kbar, and peaks at the same ?ia;(probe) at 
still higher P; in contrast, Pi and PAi do not shift much 



with pressure. Fig. [2fc shows the decay dynamics of PA 
and PA at P = 119 kbar. The dynamics are clearly 
identical, coming from the same photoexcitation species. 

To understand the origin of the new species in the or- 
dered film we model the ordered phase as two interacting, 
cofacially stacked, planar PPV oligomers of equal length 
[l2l [l3| . Previously we have shown that high-order con- 
figuration interaction (CI) calculations inclusive of all 
quadruple excitations are essential for finding the PA 
band 12]. This necessitates the use of the semiempirical 
7r-electron Hamiltonian and also limits the lengths of our 
oligomers to 3 units. Even with such small system size 
for the two-chain system our basis size is 1.8 million. For 
computational simplicity we chose a symmetric arrange- 
ment, where each carbon atom of one oligomer lies di- 
rectly on top of the equivalent carbon atom of the second 
oligomer. Our calculations are based on the Hamiltonian 

H = J2u—i 2 Hp + ^ai,a»'' wnere is the single-chain 
Pariser-Parr-Pople Hamiltonian 14] , 

^2 Un^n^x + Y Vijin^i ~ l)(n /lJ - 1). (1) 

i i<j 

Here i a creates a 7r-electron of spin a on carbon 
atom i of the fith molecule, rii 4l . a = i ^c^a and 
n /M = El?' 1 /'.*.''- We chose the nearest neighbor hop- 
ping matrix element tij = t = 2.4 eV for phenyl C-C 
bonds, and 2.2 (2.6) eV for the intrachain single (double) 
C-C bonds [15j. U is the repulsion between two electrons 
occupying the same p z orbital of a C atom, and Vij are in- 
trachain intersite Coulomb interactions parametrized as 
Vij = U/(n^Jl + 0.61177?^), where i?y is the distance 

between C atoms i and j in Angstroms. We chose U = 8.0 
eV and k = 2 0. 

The intermolecular Hamiltonian is written as [l2[, 

^^(n^-lXn^-l). (2) 

i<j 

where t^j = t is restricted to nearest neighbors. For 
VfT we chose the same functional form as the intrachain 
Vij defined above, with a screening parameter n 1 - < n 
[l6|. We report calculations for n 1 - = k = 2. We mod- 
eled the effects of increasing pressure by decreasing the 
intermolecular distance from 0.41 nm at ambient pres- 
sure to 0.37 nm at the highest pressures, while increasing 
t 1 - from 0.07 eV to 0.15 eV. Our goal is to understand 
effects of enhanced pressure at a qualitative level only, 
which in turn allows determination of the dominant in- 
terchain species in the ordered phase. Besides reducing 



3 




Photon Energy (eV) Pressure (kbar) Time (ps) 

FIG. 2: (Color online) (a) ps transient (t = 0) PM spectra of toluene-formed MEH-PPV at ambient pressure, and P — 25, 77, 
and 119 kbar; the PA bands are assigned as in FigUJ (b) Summary of the peak positions for the transient PA (red) and PAi 
(black) at t = 0; and cw Pi (blue) vs. P. (c) The decay dynamics of the transient PA and PA bands at P = 119 kbar. 



intermolecular distances, pressure also causes planarizar- 
ion of individual chains [17| , that (a) increases the effec- 
tive conjugation length, which only decreases intramolec- 
ular transition energies, and (b) enhances t , an effect we 
have included. Our basis set consists of the Hartree-Fock 
orbitals of the individual molecules. The localized basis 
allows calculation of the total charge on the individual 
oligomers (hereafter ionicity p), for each eigenstate. 

The intermolecular species we investigated are: (i) the 
delocalized covalent (p — 0) optical exciton |exci) + 
\exc2), where eoxj) implies excitation on the jth 
molecule; (ii) the completely ionic (p — 1) Coulombically 
bound polaron-pair, \P+P~,), wheie_P+ (P~,) is a posi- 

|4|; and (hi) the 
12, 



tively (negatively) charged oligomer 
excimer or charge-transfer exciton [6 



m, \ctx), 



|CTX) = c c (|exci) 



\exc 2 )) + c. 

\PtPl)) + 



(3) 



where ■ • • denotes higher-order terms; for the | CTA) , < 
p < 1. To obtain PA from the polaron-pair state forming 
below the optical exciton, we create donor-acceptor PPV 



oligomers by adding 

__L 



, ...^ to //,., in EqlU and 
also reduce k, 1 - . For e = 0.185 and k 1 - = 1.3 the lowest 
excited state is the polaron-pair with p = 0.9 [16j . 

In Fig. we show our calculated PAi band of the 
optical exciton belonging to the two-chain system, as a 
function of increasing t 1 - . Here and in Fig. |3p we scaled 
all excitation energies by the energy ^ib u of the single 
chain exciton. As readily seen, PAi exhibits a weak red- 
shift at the highest t 1 - . Our calculated bands from the 
polaron-pair state are shown in the in the inset of Fig. [3£i; 
increased intermolecular interaction does not affect the 
PA. We therefore conclude that PA and PA bands in 
the ps transient PM spectra of the ordered films cannot 
be ascribed to excitons or polaron-pairs. 

The weak pressure effect on the optical exciton and 
polaron-pair PA is due to their extreme ionicities, p = 
and 1, respectively, that do not change with pressure. In 



contrast, increased intermolecular interactions enhances 
Cj in Eq. [3l which, in turn, leads to shifts in the PA 
energies. In Fig. |3p we show the calculated PA bands 
from |CTA), which is the lowest excited state of our 
Hamiltonian, again for several different H ^ / . The low- 
est energy PAo lies outside our experimental spectral 
range [12j, whereas PA and PA are both seen in the 
experiment. PA (PA ) originates predominantly from 
the polaron-pair (exciton) component of |CTA). The 
pressure-induced blueshifts of the experimental PA and 
PA energies shown in Fig. [2^ are replicated in Fig. [3p. 
Although quantitative comparisons are difficult, with 
E 1Bu ~ 2.2 eV for MEH-PPV the scaled energy shift 
of the PA band at the largest / is about 0.25 eV, 
which is close to the maximum measured blueshift of this 
band shown in FigJ^. (~ 0.3 eV). 

In Fig. [3J3 we give a mechanistic explanation for the 
observed blueshifts of the excimer PA bands under pres- 
sure. Increased H i leads to larger p for the \CTX) 
and significant decrease in its energy. Our calculated 
p for the final state of PA is considerably larger than 
p for |CTA) (see inset), indicating that the PA ab- 
sorption, over and above intramolecular polaronlike ex- 
citations has also strong contribution from intermolecu- 
lar charge-transfer excitation. Indeed, the decrease (in- 
crease) in energy of the initial (final) state of PA , ac- 
companied by the increase (decrease) in ionicity of the 
corresponding wavefunction is the classic signature of en- 
hanced intermolecular charge-transfer. In contrast to p 
for the final state of PA , p for the final state of PA 
transition (see inset) is very small. This state is thus 
reached from the neutral exciton component of \CTX}. 
The increase in PA peak energy comes mostly from the 
decrease in |CTX) energy with P. 

Our analysis in Fig. 3c gives insight to smaller exci- 
ton binding energies in ordered films than in solutions of 
7r-conjugated polymers 0). The final state of PAi is to 
the mA g two-photon state, which has greater intrachain 
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FIG. 3: (Color online) (a) Calculated dependence of PA bands from (a) the two-chain exciton and (b) the excimer, on 
intermolecular interactions. Red thin curves correspond to t 1 - = 0.07 eV, intermolecular separation d — 0.41 nm; green dotted 
curves to t x =0.1 eV, d — 0.4 nm; blue dashed curves to i x = 0.12 eV, d = 0.38 nm; and black thick cruves to t x = 0.15 eV, 
d — 0.37 nm. The inset in (a) shows the dependence of PA bands from the polaron-pair on t ± . (c) Energies (E) of the excimer 
(black circles), final state of PA (red squares) and the final state of PA (green diamonds) as a function of t x , normalized by 
their energies Eo at the t x = 0.07 eV (ambient pressure). The inset shows the corresponding ionicities. The i x and matching 
d are all the same as in (a) and (b). 



charge-transfer character than the 1B U optical exciton 
[jTij . The much larger interchain charge-transfer charac- 
ter of the final state of PA than in the excimer shows that 
it is the exact interchain equivalent of the mA g . Smaller 
exciton binding energy in ordered films [8|1 is thus not 
due to screening of Coulomb interactions [20( , but to the 
appearance of new low lying states with greater charge 
separation [21j . 

In summary, the significant pressure induced blueshifts 
exhibited by the transient PA bands in ordered MEH- 
PPV films indicate intermediate ionicity for the primary 
photoexcitation, i.e., an excimer. Understanding the 
role of morphology in determining the photophysical be- 
haviour of 7r-conjugated polymer films is crucial for their 
applications in next generation optoelectronic devices. 
Our joint theory-experiment work gives a new diagnostic 
tool for determining the nature of the primary photoexci- 
tations in polymer films, and we expect this and similar 
techniques to have wide applications. 

The Utah group thanks Valentina Morandi and Josh 
Holt for help with the high pressure and ps measure- 
ments. The work at Utah was supported in part by the 
NSF grant DMR-0803325. The Arizona group thanks 
Alok Shukla and Zhendong Wang for computational 
help. The work at Arizona was partially supported by 
NSF grant DMR-0705163. C.-X.S thanks the support 
of National Natural Science Foundation of China grant 
No.61006014. 



[1] L. Rothberg, Photophysics of Conjugated Polymers, 
Semiconducting Polymers: Chemistry, Physics and 
Engineering, Vol.1, edited by G. Hadziioannou and 



G. G. Malliaras (John Wiley, 2006), pp. 179-204. 
[2] V. I. Arkhipov, and H. Bassler, Phys. Stat. Sol. (a) 201, 

1152-1187 (2004). 
[3] B. J. Schwartz, Annu. Rev. Phys. Chem. 54, 141-172 

(2003). 

[4] E. M. Conwell, Photophysics of conducting polymers, in 
Organic Electronic Materials: Conjugated Polymers and 
Low Molecular Weight Solids, edited by R. Farchioni and 
G. Grosso (Springer, New York, 2001), pp. 127-180. 

[5] P. B. Miranda, D. Moses, and A. J. Heeger, Phys. Rev. 
B 64, 081201 (2001). 

[6] S. A. Jenekhe, and J. A. Osaheni, Science 265, 765-768 
(1994). 

[7] S. Webster, and D. N. Batchelder, Polymer 37, 4961-4968 
(1996). 

[8] S. F. Alvarado et al, Phys. Rev. Lett. 81, 1082 (1998). 
[9] C.-X. Sheng, M. Tong, and Z. V. Vardeny, Phys. Rev. B. 
75, 085206 (2007). 
[10] X. M. Jiang et al, Adv. Funct. Materials 12, 587- 594 
(2002). 

[11] T. Drori et al, Phys. Rev. B. 76, 033203 (2007). 

[12] Z. Wang, S. Mazumdar, and A. Shukla, Phys. Rev. B 

78, 235109 (2008). D. Psiachos, and S. Mazumdar, Phys. 

Rev. B 79, 155106 (2009). 
[13] Y.-S. Huang et al, Nat. Mater. 7, 483-489 (2008). 
[14] R. Pariser, and R. G. Parr, J. Chem. Phys. 21, 9865- 

9867 (1953). J. A. Pople, Trans. Faraday Soc. 49, 767-776 

(1953). 

[15] M. Chandross et al, Phys. Rev. B, 55, 1486-1496 (1997). 
[16] K. Aryanpour, D. Psiachos, and S. Mazumdar, Phys. 

Rev. B 81, 085407 (2010). 
[17] J. P. Schmidtke et al, Phys. Rev. Lett. 99, 167401 

(2007). 

[18] H. Marciniak et al., Phys. Rev. Lett. 99, 176402 (2007). 
[19] M. Chandross, Y. Shimoi, and S. Mazumdar, Phys. Rev. 

B 59, 4822 (1999) 
[20] J.-W. van der Horst et al. Phys. Rev. Lett. 83, 4413 

(1999). 

[21] A. Ruini et al. Phys. Rev. Lett. 88, 206403 (2002). 



